Intradermal vaccination by gene gun efficiently delivers DNA vaccines into DCs of the skin, resulting in the activation and priming of antigen-specific T cells in vivo. DCs, however, have a limited life span, hindering their long-term ability to prime antigen-specific T cells. We reason that a strategy that prolongs the survival of DNA-transduced DCs will enhance priming of antigen-specific T cells and DNA vaccine potency. Here we show that codelivery of DNA encoding inhibitors of apoptosis (BCL-xL, BCL-2, XIAP, dominant negative caspase-9, or dominant negative caspase-8) with DNA encoding model antigens prolongs the survival of transduced DCs. More importantly, vaccinated mice exhibited significant enhancement in antigen-specific CD8 + T cell immune responses, resulting in a potent antitumor effect against antigen-expressing tumors. Among these antiapoptotic factors, BCL-xL demonstrated the greatest enhancement in antigen-specific immune responses and antitumor effects. Thus, coadministration of DNA vaccines with DNA encoding antiapoptotic proteins represents an innovative approach to enhance DNA vaccine potency.
Introduction
Intradermal administration of DNA vaccines using a gene gun can be used to efficiently deliver genes of interest into professional APCs in vivo (1) . The skin contains numerous bone marrow-derived APCs (called Langerhans cells) that are able to move through the lymphatic system from the site of injection to draining lymph nodes, where they prime antigen-specific T cells (2) . Gene gun immunization therefore provides the opportunity to test vaccine strategies that require direct delivery of DNA to APCs. Previously, we used the gene gun approach to test several intracellular targeting strategies that are able to route model antigen (human Papillomavirus type-16 [HPV-16] E7) to desired subcellular compartments and enhance antigen processing and presentation to T cells (3) (4) (5) (6) . We also used this system to develop strategies that lead to intercellular spreading of antigen from initially transfected cells to surrounding APCs, resulting in enhanced E7-specific CD8 + T cell-mediated immune responses (7, 8) . Therefore, direct delivery of DNA vaccines into DCs by a gene gun provides an opportunity to modify the quality and quantity of DNA-transfected DCs and influence vaccine potency.
One potential strategy to further enhance DNA vaccine potency is to prolong DC survival by coadministering DNA encoding antigen with DNA encoding inhibitors of apoptosis to DCs. In this study, we tested a variety of antiapoptotic factors for their ability to enhance DC survival and E7-specific CD8 + T cell immune responses when coadministered with E7 DNA, including BCL-xL (9, 10) and BCL-2 (11, 12) , members of the BCL-2 family of proteins; X-linked inhibitor of apoptosis protein (XIAP) (13) ; and dominant negative (dn) mutants of caspases such as dn caspase-9 (14) and dn caspase-8 (15) , which have a mutation in the enzyme active site and serve as inhibitors of apoptosis. We also evaluated the effect of mutant BCL-xL (mt 7) (10), which has mutations in a region critical to antiapoptotic function (aa 135-137 in the BH1 domain), and caspase-3 (16), a proapoptotic pro-tein when it is coadministered with DNA encoding antigen. We chose HPV-16 E7 as a model antigen because HPVs, particularly HPV-16, are associated with a majority of cervical cancers, and E7 is essential for the induction and maintenance of cellular transformation. Effective vaccines against E7 potentially can be used for the control of HPV infections and HPV-associated lesions. By examining E7-specific immune responses, antitumor effects, survival of DNA-transfected DCs, and the ability of DNA-transfected DCs to activate an E7-specific T cell line, we demonstrate that coadministration of antigen-containing DNA with DNA encoding antiapoptotic proteins represents an innovative strategy to enhance vaccine potency.
Methods
Plasmid DNA constructs and DNA preparation. The generation of pcDNA3-E7 (4), pCMV(neo)-Sig/E7/LAMP-1 (3), and pDNA3-E7/GFP (5) has been described previously. The plasmid containing influenza hemagglutinin (HA), pcDNA3-HA, was kindly provided by Drew Pardoll at the Johns Hopkins School of Medicine. The pEBB-XIAP (17), pcDNA3-FLICEc-s (15) , and pSG5 plasmids encoding BCL-xL (10), mt 7 (our mutant BLC-xL) (10), BCL-2 (18), or dn caspase-9 (19) have been generated in J. Marie Hardwick's lab. To generate pcDNA3-Sig/E7/LAMP-1, Sig/E7/LAMP-1 was isolated from pCMV(neo)-Sig/E7/LAMP-1 (3) and cloned into the EcoRI/BamHI sites of pcDNA3. For the generation of pcDNA3-OVA, the DNA fragment encoding OVA was amplified by a set of primers, 5′-CCCGA-ATTCATGGGCTCCATCGGCGCAGC-3′ and 5′-CCCGGAT-CCAAATTCTTCAGAGACGCTTGC-3′, and OVA cDNA, a generous gift from Michael Bevan at the University of Washington School of Medicine (Seattle, Washington, USA). The amplified product was further cloned into the EcoRI/BamHI sites of pcDNA3. For the generation of pSG5-XIAP, the DNA fragment encoding XIAP was amplified with PCR using pEBB-XIAP as template and a set of primers: 5′-GCTAGGATCCATGACTTTTAACA-GTTTTGAAGG-3′ and 5′-GCACGGATCCTTAAGACATAA-AAATTTTTTGCT-3′. The amplified product was further cloned into the BamHI cloning site of pSG5. For the generation of pSG5-dn caspase-8, the DNA fragment of dn caspase-8 was amplified with PCR using pcDNA3-FLICEc-s as a template and a set of primers, 5′-GCTAGGATCCATGGACTTCAGCAGAAATCTTT-3′ and 5′-GCACGGATCCTCAATCAGAAGGGAAGACAAG-3′. The amplified product was further cloned into the BamHI cloning site of pSG5. For the generation of pSG5-caspase-3 and pSG5-mt caspase-3, the DNA fragments of caspase-3 and its mutant were amplified with PCR using C2P-caspase-3-GFP and C2P-caspase-3∆9(C163)-GFP (20) as a template, respectively, and a set of primers, 5′-CCGTCAGATCCGCTAGCGCTACCGG-3′ and 5′-GTGCATCCCTTAGGTGATAAAAATAGAGTTC-3′. The amplified product was further cloned into the BamHI sites of pSG5. The accuracy of these constructs was confirmed by DNA sequencing. The DNA was amplified in Escherichia coli DH5α and purified as described previously (4) .
Western blot analysis. The expression of proapoptotic and antiapoptotic proteins in COS-7 cells transfected with DNA encoding antiapoptotic protein was characterized by Western blot analysis. The DNA encoding the various proapoptotic and antiapoptotic proteins also contains an HA epitope (YPYDBPDYA) at the 5′ end of the encoded protein to serve as a tag. Western blot analysis was performed with 50 µg of the cell lysate derived from COS-7 cells transfected with the various DNA constructs encoding the proapoptotic and antiapoptotic proteins and anti-HA mouse mAb (clone12CA5; Roche Diagnostics Corp., Indianapolis, Indiana, USA) using the method described previously (5) .
Mice. Six-to eight-week-old female C57BL/6 mice were purchased from the National Cancer Institute (Frederick, Maryland, USA) and kept in the oncology animal facility of the Johns Hopkins Hospital (Baltimore, Maryland, USA). All animal procedures were performed according to approved protocols and in accordance with recommendations for the proper use and care of laboratory animals.
DNA vaccination. DNA-coated gold particles were prepared according to a protocol described previously (4) . DNA-coated gold particles were delivered to the shaved abdominal region of mice using a helium-driven gene gun (Bio-Rad Laboratories Inc., Hercules, California, USA) with a discharge pressure of 400 psi. C57BL/6 mice were immunized with 2 µg of the plasmid encoding E7, Sig/E7/LAMP-1, HA, or OVA mixed with 2 µg of pSG5, pSG5-BCL-xL, pSG5-XIAP, pSG5-BCL-2, pSG5-dn caspse-9, pSG5-dn caspase-8, pSG5-mt BCL-xL, pSG5-caspase-3, or pSG5-mt caspase-3. The mice received a booster with the same dose 1 week later.
Intracellular cytokine staining and flow-cytometry analysis. Splenocytes were harvested from mice 1 week after the last vaccination. Prior to intracellular cytokine staining, 4 × 10 6 pooled splenocytes from each vaccination group were incubated for 16 hours with either 1 µg/ml of E7 (RAHYNIVTF), HA (IYSTVASSL), or OVA peptide (SIINFEKL) containing an MHC class I epitope for detecting antigen-specific CD8 + T cell precursors. Intracellular IFN-γ staining and flow-cytometry analysis were performed as described previously (4) . Analysis was performed on a Becton-Dickinson FACScan with CELLQuest software (Becton Dickinson Immunocytometry Systems, Mountain View, California, USA).
In vivo tumor protection and tumor-treatment experiments. The HPV-16 E7-expressing murine tumor model, TC-1, has been described previously (21) . In brief, HPV-16 E6, E7, and ras oncogene were used to transform primary C57BL/6 mice-lung epithelial cells to generate TC-1. For the tumor-protection experiment, C57BL/6 mice (five per group) were subcutaneously challenged with 5 × 10 4 TC-1 tumor cells per mouse in the right leg 1 week after the last vaccination. Mice were monitored for evidence of tumor growth by palpation and inspection twice a week. To study the subset of lymphocytes that are important for the antitumor effects, an in vivo Ab depletion experiment was performed using the method described previously (21) .
For the tumor-treatment experiment, mice were challenged with l0 4 TC-1 tumor cells per mouse in the tail vein to simulate hematogenous spread of tumors (3) . Mice were treated with DNA 3 days after tumor challenge. Mice were monitored twice a week and sacrificed on day 42 after the last vaccination. The mean number of pulmonary nodules in each mouse was evaluated by experimenters blinded to sample identity. In vivo tumor protection, Ab depletion, and tumor-treatment experiments were performed three times to generate reproducible data.
Preparation of CD11c + cells in the inguinal lymph nodes from vaccinated mice. C57BL/6 mice (three per group) received 12 inoculations of nonoverlapping intradermal administration with a gene gun on the abdominal region. Gold particles used for each inoculation were coated with 1 µg of pcDNA3-E7/GFP DNA mixed with 1 µg of pSG5 encoding BCL-xL, mt BCL-xL, caspase-3, or no insert. The pcDNA3 (no insert) mixed with pSG5-BCL-xL was used as a negative control. Inguinal lymph nodes were harvested from vaccinated mice 1 or 5 days after vaccination with a gene gun. A single cell suspension from isolated inguinal lymph nodes was prepared. CD11c + cells were enriched from lymph nodes using CD11c (N418) microbeads (Miltenyi Biotec, Auburn, California, USA). Enriched CD11c + cells were analyzed by forward and side scatter and gated around a population of cells with size and granular characteristics of DCs. The percentage of CD11c + cells in the gated area was characterized by flow-cytometry analysis using phycoerythrin-conjugated (PE-conjugated) anti-CD11c Ab (PharMingen, San Diego, California, USA). GFP-positive cells were analyzed by flow-cytometry analysis using a protocol described previously (22) . Data are expressed as percentage of CD11c + GFP + cells among gated monocytes. Detection of apoptotic cells in the CD11c + GFP + cells was performed using annexin V-PE apoptosis detection Kit-I (BD Bioscience, San Diego, California, USA) according to the vendor's protocol. The percentage of apoptotic cells was analyzed using flow-cytometry analysis by gating CD11c + GFP + cells.
Activation of an E7-specific CD8 + T cell line by CD11c-enriched cells from vaccinated mice. Mice were vaccinated, and enriched CD11c + cells were collected as described above. CD11c-enriched cells (2 × 10 4 ) were incubated with 2 × 10 6 of the E7-specific CD8 + T cell line (23) for 16 hours. Cells were then stained for both surface CD8 and intracellular IFN-γ and analyzed with flow-cytometry analysis as described above.
Results

Coadministration of E7 DNA with DNA encoding antiapoptotic factors significantly enhances E7-specific CD8 + T cell-mediated immune responses.
We hypothesized that DNA encoding antiapoptotic proteins would enhance E7-specific CD8 + T cell immune responses when coadministered with E7 DNA. We have therefore generated DNA constructs encoding antiapoptotic proteins. Expression of antiapoptotic proteins was confirmed in transfected COS-7 cells by Western blot analysis (data not shown). The expression levels of wild-type and mutant forms of the proteins are equivalent (data not shown).
To assess the quantity of E7-specific CD8 + T cell precursors generated by vaccination with E7 DNA mixed with DNA encoding antiapoptotic or proapoptotic proteins, we performed intracellular cytokine staining with flow-cytometry analysis. As shown in Figure 1 , a and b, mice vaccinated with E7 DNA mixed with BCL-xL DNA generated the highest frequency of E7-specific IFN-γ-secreting CD8 + T cell precursors (58.3 ± 9.5/3 × 10 5 splenocytes), more than 11-fold greater than the number of precursors in mice vaccinated with E7 DNA mixed with pSG5 (no insert) (5.0 ± 1.0/3 × 10 5 splenocytes) (P < 0.01). Similarly, vaccination with E7 DNA mixed with DNA encoding other antiapoptotic proteins also led to an increase in the number of E7-specific CD8 + T cells: E7 plus XIAP (50.7 ± 3.8/3 × 10 5 splenocytes); E7 plus BCL-2 (48.7 ± 3.1/3 × 10 5 splenocytes); E7 plus dn caspase-9 (28.0 ± 3.0/3 × 10 5 splenocytes); and E7 plus dn caspase-8 (23.7 ± 1.5/3 × 10 5 splenocytes). In contrast, coadministration of E7 DNA with DNA encoding a proapoptotic protein, caspase-3, did not augment the number of E7-specific CD8 + T cell precursors (2.3 ± 0.6/3 × 10 5 splenocytes). Our results also indicated that E7 antigen was required for this immune-enhancing effect since pcDNA3 (no insert) coadministered with BCL-xL did not enhance E7-specific CD8 + T cell activity (4.3 ± 2.1/3 × 10 5 splenocytes). These data indicate that coadministration of E7 DNA with DNA encoding antiapoptotic factors can lead to a marked increase in the number of E7-specific CD8 + T cell precursors.
Vaccination with E7 DNA mixed with DNA encoding antiapoptotic protein leads to E7-specific tumor protection. To determine if the observed enhancement in E7-specific CD8 + T cell-mediated immunity leads to a significant E7-specific antitumor effect, we performed an in vivo tumor-protection experiment using a previously described E7-expressing tumor model, TC-1 (21) . As shown in Figure 1c , 80% of mice receiving E7 DNA mixed with BCL-xL DNA remained tumor free 46 days after TC-1 challenge. In contrast, all of the mice receiving E7 DNA mixed with pSG5 (no insert) or caspase-3 developed tumors by day 46. Similarly, we observed that coadministration of DNA encoding either XIAP or BCL-2, like BCL-xL, can also result in significant antitumor effects by inhibiting tumor formation in the subcutaneous tumor model (data not shown).
We have also performed an in vivo Ab depletion experiment to determine the subsets of lymphocytes important for the antitumor effects. As shown in Figure 1d , 100% of the mice depleted of CD8 + T cells grow tumors within 2 weeks after TC-1 challenge. In contrast, 100% of the mice depleted of CD4 + T cells or NK indicate that vaccination with E7 DNA mixed with DNA encoding antiapoptotic proteins leads to potent protective and therapeutic effects against E7-expressing TC-1 tumor cells.
Coadministration of DNA encoding HA or OVA with DNA encoding antiapoptotic protein leads to enhanced antigen-specific CD8 + T cell immune responses. To determine if the observed enhancement of CD8 + T cell-mediated immunity is a general phenomenon that is applicable to other antigens, we used different antigen-expressing DNA vaccines in combination with DNA encoding antiapoptotic protein. Mice were immunized with pcDNA3 containing well-characterized antigens, HA or OVA, mixed with pSG5 DNA containing no insert or BCL-xL. Using intracellular cytokine staining with flowcytometry analysis, we found that vaccination with pcDNA3-HA or pcDNA3-OVA mixed with BCL-xL cells remained tumor free 42 days after TC-1 challenge. These data indicated that CD8 + T cells are important for the antitumor effect generated by the DNA vaccine.
We also performed an in vivo tumor-treatment experiment using a hematogenous spread pulmonary tumor model (3) . As shown in Figure 1e , mice immunized with E7 DNA mixed with BCL-xL exhibited the fewest number of pulmonary tumor nodules (1.2 ± 1.3; P < 0.001, one-way ANOVA) compared with mice vaccinated with E7 DNA mixed with caspase-3 (11.6 ± 4.7), E7 DNA mixed with pSG5 (no insert) (8.0 ± 2.5), or pcDNA3 (no insert) mixed with BCL-xL (11.8 ± 2.4). We also observed that coadministration of DNA encoding either XIAP or BCL-2, like BCL-xL, can result in significant antitumor effects by inhibiting tumor nodule formation in the hematogenous spread pulmonary tumor model (data not shown). Taken together, these results DNA significantly increased the number of antigenspecific CD8 + T cell precursors compared with vaccination of pcDNA3-HA or pcDNA3-OVA mixed with pSG5 (no insert), respectively ( Figure 2, a and b) . These results suggest that coadministration of DNA encoding different model antigens with DNA encoding an antiapoptotic protein can lead to an increase in the number of antigen-specific CD8 + T cell precursors.
The combined application of antiapoptosis and an intracellular targeting strategy leads to enhancement of E7-specific CD8 + T cell immune responses. We have developed vaccines that target antigen intracellularly to desired subcellular compartments and enhance MHC class I and/or class II presentation of antigen to CD8 + and CD4 + T cells, respectively (3, 4, 6) . One such vaccine, Sig/E7/LAMP-1 DNA (signal peptide/E7/lysosomeassociated membrane protein) is able to target E7 to the endosomal/lysosomal compartments, which have been shown to enhance MHC class II presentation of E7 to CD4 + T cells and also increase the number of E7-specific CD8 + T cells to prevent the development of E7-expressing tumors in mice (3). To assess the effect of DNA encoding antiapoptotic proteins when coadministered with DNA encoding E7 linked to an immunogenic molecule, mice were vaccinated with Sig/E7/ LAMP-1 DNA mixed with DNA encoding different antiapoptotic or proapoptotic proteins. As shown in Figure 3 , a and b, vaccination with Sig/E7/LAMP-1 DNA coadministered with BCL-xL DNA generated the highest frequency of E7-specific IFN-γ-secreting CD8 + T cell precursors (1,752.7 ± 99.9/3 × 10 5 splenocytes), greater than the number of precursors observed in mice vaccinated with Sig/E7/LAMP-1 DNA mixed with pSG5 (no insert) (167.3 ± 16.2/3 × 10 5 splenocytes) (P < 0.01, ANOVA) or E7 DNA mixed with pSG5-BCLxL (58.3 ± 9.5/3 × 10 5 splenocytes) (see Figure 1) . Similarly, combined vaccination of Sig/E7/LAMP-1 DNA with other DNA encoding other antiapoptotic proteins increased E7-specific CD8 + T cell precursor numbers: Sig/E7/LAMP-1 plus XIAP (1,530.7 ± 115.6/ 3 × 10 5 splenocytes), Sig/E7/LAMP-1 plus BCL-2 (1,462.7 ± 99.9/3 × 10 5 splenocytes), Sig/E7/LAMP-1 plus dn caspase-9 (619.7 ± 62.1/3 × 10 5 splenocytes), and Sig/E7/LAMP-1 plus dn caspase-8 (430.0 ± 25.9/ 3 × 10 5 splenocytes).
We have also determined whether the class II presentation of CD4 + T cells is enhanced in the presence of BCL-xL. Our results indicated that mice vaccinated with pcDNA3-Sig/E7/LAMP-1 mixed with pSG5-BCL-xL demonstrated significantly higher numbers of E7-specific CD4 + T cells (sixfold higher) than mice vaccinated with pcDNA3-Sig/E7/LAMP-1 mixed with pSG5 (data not shown).
Coadministration of Sig/E7/LAMP-1 DNA with DNA encoding mutant BCL-xL, caspase-3, or mt caspase-3 fails to lead to efficient activation of E7-specific CD8 + T cell activity by gene gun administration.
We evaluated the effect of a mutation abrogating the antiapoptotic function of BCL-xL. While we found that vaccination with Sig/E7/LAMP-1 DNA mixed with BCL-xL DNA led to a marked increase in the number of E7-specific IFN-γ-secreting CD8 + T cell precursors (1,816 ± 54.7/3 × 10 5 splenocytes), we did not observe the same phenomenon with DNA encoding defective mutant BCL-xL (pSG5-mt BCL-xL) (168 ± 16.3/3 × 10 5 splenocytes; P < 0.001, ANOVA) ( Figure 3, c and d) . In addition, we showed that the coadministration of pcDNA3-Sig/E7/LAMP-1 with DNA encoding a proapoptotic protein, wild-type, or mutated caspase-3 (which has been shown to demonstrate less proapoptotic function; ref. 24) led to a significant decrease in E7-specific CD8 + T cell precursor numbers (5 ± 1.3/3 × 10 5 and 52/9.7 × 10 5 splenocytes, respectively) compared with mice vaccinated with Sig/E7/LAMP-1 DNA mixed with DNA encoding pSG5 (no insert). Our results suggest that the antiapoptotic function of BCL-xL is critical for the observed enhancement of the E7-specific CD8 + T cell immune response mediated by the coadministration of E7 DNA with DNA encoding BCL-xL.
Coadministration of Sig/E7/LAMP-1 DNA with DNA encoding BCL-xL generates long-term E7-specific CD8 + T cell memory.
We further evaluated the E7-specific CD8 + T cell ference in numbers of CD11c and GFP-positive cells in the inguinal lymph nodes at day 1 after vaccination with E7 DNA mixed with BCL-xL DNA or control plasmid. At day 5 after gene gun vaccination, however, we observed a greater percentage of GFP + CD11c + cells in lymph nodes harvested from mice vaccinated with the E7/GFP DNA mixed with BCL-xL DNA than in lymph nodes harvested from mice vaccinated with E7/GFP DNA mixed with DNA encoding proapoptotic caspase-3, mt BCL-xL, or no insert (P < 0.0005, oneway ANOVA) (Figure 4b ). Furthermore, we assayed for the apoptotic cells in CD11c + GFP + cells derived from the draining lymph nodes of various vaccinated mice by staining for annexin V followed by flow-cytometry analysis. As shown in Figure 4c , mice vaccinated with DNA encoding E7/GFP mixed with DNA encoding immune response in mice vaccinated with various combinations of DNA constructs at 1, 7, 12, and 14 weeks after the last DNA vaccination. As shown in Figure 3e , mice vaccinated with pcDNA3-Sig/E7/LAMP-1 mixed with pSG5-BCL-xL generated consistently the highest numbers of E7-specific CD8 + T cell precursors throughout the duration of the experiment compared with mice vaccinated with pcDNA3-Sig/E7/LAMP-1 DNA mixed with pSG5 DNA or pSG5-caspase-3. Thus, our data suggest that the coadministration of Sig/E7/LAMP-1 DNA with DNA encoding BCL-xL is capable of generating long-term E7-specific CD8 + T cell memory.
Improved survival of DNA-transfected DCs in inguinal lymph nodes of mice vaccinated with E7/GFP DNA mixed with DNA encoding antiapoptotic protein. Following intradermal immunization, DCs are known to migrate to draining lymph nodes where they stimulate antigenspecific T cells (1, 2) . We used GFP linked to E7 to serve as a fluorescent tag to identify DNA-transfected DCs in the inguinal lymph nodes. Inguinal lymph nodes were harvested from vaccinated mice 1 and 5 days after gene gun vaccination. Because CD11c + cells also include myeloid cells other than DCs, such as NK cells and B and T cell subsets, we gated a region more consistent with DC size and granular characteristics as reported previously (22) in order to increase the percentage of GFP + CD11c + DC for comparison between different vaccinated groups. We also stained for additional markers for DCs and found that more than 90% of the GFP + CD11c + cells express DC surface markers such as B7.1 and B7.2 and CD40 (data not shown). As shown in Figure 4 , a and b, there is no significant dif-
Figure 3
E7-specific CD8 + T cell immune responses in mice vaccinated with Sig/E7/LAMP-1 DNA mixed with DNA encoding antiapoptotic or proapoptotic proteins. Mice (three per group) were immunized with pcDNA3-Sig/E7/LAMP-1 mixed with pSG5 encoding antiapoptotic protein (BCL-xL, XIAP, BCL-2, dn caspase-9, dn caspase-8), proapoptotic protein (caspase-3), or no insert. The pcDNA3 (no insert) mixed with pSG5-BCL-xL was used as a negative control. Splenocytes were collected and prepared as described in the legend of Figure 1 . The number of E7-specific IFN-γ-secreting CD8 + T cell precursors was analyzed by intracellular cytokine staining followed by flowcytometry analysis. (a) Representative set of the flow-cytometry data. The data presented in this figure are from one representative experiment of three performed. (b) The bar graph depicts the number of E7-specific IFN-γ-secreting CD8 + T cell precursors per 3 × 10 5 splenocytes (mean ± SD). (c) Mice (three per group) were immunized with pcDNA3-Sig/E7/LAMP-1 mixed with pSG5 encoding BCL-xL, caspase-3, mt BCL-xL, mt caspase-3, or no insert. The pcDNA3 (no insert) mixed with pSG5-BCL-xL was used as a negative control. The flow-cytometry data shown here are from one representative experiment of three performed. (d) Bar graph depicting the number of antigen-specific IFN-γ-secreting CD8 + T cell precursors per 3 × 10 5 splenocytes (mean ± SD). (e) Graph depicting the number of antigen-specific IFN-γ-secreting CD8 + T cell precursors was evaluated at 1, 7, 12, andBCL-xL demonstrated a significantly lower percentage of apoptotic cells when compared with other vaccinated mice (P < 0.0005, one-way ANOVA). Thus, our results suggest that coadministration of E7/GFP DNA with DNA encoding an antiapoptotic protein may prolong the survival of DNA-transfected DCs.
CD11c-enriched cells from mice vaccinated with E7/GFP DNA coadministered with DNA encoding BCL-xL enhances activation of an E7-specific CD8 + T cell line. We evaluated the ability of CD11c-enriched cells from the inguinal lymph nodes of the various DNA-vaccinated mice to stimulate INF-γ secretion from an E7-specific CD8 + T cell line (23) . These CD11c-enriched cells were isolated at 1 or 5 days after the last DNA vaccination and were incubated with an E7-specific T cell line. As shown in Figure 5 , CD11c-enriched cells isolated from mice vaccinated with E7/GFP DNA mixed with BCL-xL DNA were more effective in activating the E7-specific CD8 + T cell line to secrete IFN-γ compared with other DNA vaccines, particularly at day 5 (P < 0.0005, one-way ANOVA). In comparison, the CD11c-enriched cells isolated from mice vaccinated with E7/GFP DNA mixed with DNA encoding caspase-3 or no insert did not efficiently activate E7-specific CD8 + T cells on day 5. These results are consistent with the notion that DNA-transfected DCs from mice vaccinated with E7 DNA coadministered with DNA encoding BCL-xL can enhance activation of E7-specific CD8 + T cells.
Discussion
Our study demonstrated that coadministration of antigen-containing DNA with DNA encoding antiapoptotic proteins enhances antigen-specific CD8 + T cell-mediated immune responses and increases the survival of DCs in the draining lymph nodes. In contrast, previous studies have demonstrated that DNA vaccines encoding antigen coexpressed with proapoptotic agents such as Fas (25) , or mutant caspases with altered active sites (24) , or suicide DNA encoding antigen (26) are able to enhance antigen-specific T cell immune responses. This apparent inconsistency may be explained by considering the various factors that are involved in these studies, such as the model antigen that is used, the expression vector used, the dose of vaccination, the regimen of vaccination, and the route of administration. Among these factors, the route of administration likely plays an important role in the effects mediated by DNA vaccines encoding apoptotic or antiapoptotic proteins. All of the previous studies using proapoptotic DNA vaccines to enhance vaccine potency employ intramuscular immunization (24) (25) (26) . In contrast, our study uses intradermal immunization of DNA encoding antiapoptotic factors. Intramuscular immunization most likely targets antigen to myocytes, which are not ideal professional APCs since they do not express costimulatory molecules that are important for efficient activation of T cells. In this setting, the transfection of cells with DNA encoding proapoptotic factors may lead to apoptosis or necrosis, resulting in uptake of antigen by APCs through an exogenous cross-priming pathway, a process involving presentation of exogenous antigen through the MHC class I pathway to T cells after intradermal immunization with a gene gun (2) . Our data are consistent with this notion. Our results suggest that inhibition of apoptosis can lead to enhanced survival of DNA-transfected DCs and can result in a significant increase in the number of activated antigen-specific T cells. These interpretations suggest that various factors involved in vaccination, such as the route of administration, may have a profound effect on the effectiveness of DNA vaccines employing proapoptotic or antiapoptotic factors. We found that coadministration of antigen-containing DNA with DNA encoding antiapoptotic agents such as BCL-xL resulted in an increased number of antigen-expressing DCs in the draining lymph nodes. In contrast, coadministration with DNA encoding mutant BCL-xL (which has minimal mutations in a region critical to antiapoptotic function) failed to lead to an increase in number of antigen-expressing DCs in the draining lymph nodes (Figure 4b ). Furthermore, we observed that mice vaccinated with DNA encoding E7/GFP mixed with DNA encoding BCL-xL demonstrated a significantly lower percentage of apoptotic cells in CD11c + GFP + cells derived from the draining lymph nodes when compared with mice vaccinated with DNA encoding E7/GFP mixed with DNA encoding mt BCL-xL (Figure 4c ). Taken together, these data strongly suggest that the increase of DCs expressing a specific antigen in the draining lymph nodes is likely due to inhibition of DC apoptosis. A previous study by Nopora et al. also demonstrated that the DCs derived from BCL-2 transgenic mice have a higher survival rate than the DCs from naive mice (29) . We could not rule out, however, the possibility that vaccination with DNA encoding antiapoptotic agents may affect DC migration through chemokines or other factors that influence DC homing to the draining lymph nodes after acquisition of antigen in the periphery.
Our results suggest that the increase in the number of antigenexpressing DCs in the lymph nodes may contribute to the enhancement of E7-specific T cell activation. There may be other explanations for enhanced T cell activation, however, such as qualitative changes in antigen-expressing DCs as a result of vaccination with DNA encoding antiapoptotic factors. For example, bacterial DNA can contain immunostimulatory elements such as cytosine linked to a guanine by a phosphate bond (CpG) islands (30) , which have been shown to cause simultaneous maturation and activation of murine DCs (31) and alter the expression of cytokines such as IL-12 and IFN-γ (30, 32) . CpG islands probably did not play a major role, however, since vaccination with mutant BCL-xL, which had minimal mutations that abrogated antiapoptotic function but relatively unaltered CpG islands compared with wild-type BCL-xL, failed to enhance E7-specific CD8 + T cell immune responses. Thus, antiapoptotic function likely plays an important role in the observed increase in the number of antigenexpressing DCs in the draining lymph nodes and in the enhancement of E7-specific CD8 + T cell activation in vaccinated mice.
In this study, we observed that coadministration of DNA encoding BCL-xL with DNA encoding antigen generated the most potent enhancement of antigenspecific CD8 + T cell immune responses among the antiapoptotic proteins that we tested. BCL-xL is considered one of the most potent antiapoptotic proteins. BCL-xL, like BCL-2, has been shown to localize to outer mitochondrial membranes and prevent release of proapoptotic factors from mitochondria such as cytochrome c (33) and Smac/DIABLO (34-36) by a mechanism that
is not yet well understood. In addition, BCL-xL may inhibit apoptosis downstream of caspase-8 (37). Thus, BCL-xL may inhibit apoptosis at multiple points along the programmed cell death pathways, which explains why it is one of the most potent antiapoptotic factors. In summary, the results of this study demonstrate the usefulness of vaccination with DNA encoding antiapoptotic protein in combination with DNA encoding antigen as an approach to enhance antigen-specific CD8 + T cell immune responses and antigen-specific antitumor effects. Furthermore, the antiapoptosis strategy can also be synergistically applied in combination with other DNA vaccines that encode E7 linked to immunogenic molecules. The promising results of this study encourage the application of this strategy to target other cancers or infectious diseases with known antigens.
